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Why Axions?

Strong CP

Dark matter candidate

Potential mediator to dark sector
Prevalent in string theories.

Goldstone bosons of global symmetries

Dark Matter
27%




Today’s Definition of Axions
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Axion Parameter Space

If it solves strong CP (Canonically)
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Axion Parameter Space

If it exists

Astrophysical
10~9 Production
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Axion Parameter Space

If it is all of DM
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Axion Parameter Space

If it is all of DM
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Axion Parameter Space

What if it is not ALL of DM?
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Axion Parameter Space

What if it is not ALL of DM?

Astrophysical
Production

Irreducible Axion
Background
(Freeze-in relics)

DM Decays
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Irreducible Cosmic
Abundance & Constraints




The General Picture

Dark matter may consist of more than one species.
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Definition of F p

nmls

p, %pDMe_” “ (For non-relativistic y after freeze-in)
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Constraints on Sub-component DM

* Many constraints on DM can immediately be modified to constraints on y.

For example (for 7, > 1,):
* Opy—N = 1, X0,

* Lpyoy = £, X1,

2
* Opmrpm—suV) = F v X <5)(+)(—>SMV>

» Current indirect detection experiments for decay can probe down to F, ~ 107121
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Constraints on Sub-component DM

Broadly speaking searches for a dark particle y constrain the parameters (m,, g, F).

* DM Approach: F, =l and 7z, > 1.
» Agnostic Approach : F is an additional free parameter.

» Calculational Approach: ¥, = F (m,, g,, C), where Cis some cosmology.

Constraints depending on C are not robust.
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Irreducible Cosmic Abundance Constraints

Instead we calculate the irreducible abundance ¥, ;..(m,, g,).

This is determined by considering only production after the beginning of BBN (7" < 5 MeV).

Constraints obtained using £, ;..(m,, g,) are robust under two mild assumptions:

1. y does not decay/annihilate to a dark sector.

2. Standard cosmology holds from BBN on.
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Summary

* Sub-componets are well motivated and interesting in their own right.
* DM searches can also constrain subcomponents.

* There exists an irreducible abundance which can be used to obtain robust constraints.
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Application to Axions



Irreducible Axion Background Constraints

1. Calculate F . .

airr

2. Apply astrophysical and cosmological constraints.



Production of Axions

* The irreducible axion background is obtained by freezing-in axions beginning at
T =35 MeV.

* What does freezing-in mean?

* Definition: Freeze-in is the process where particles are created from the primordial
plasma of the universe without ever being in a state of thermal equilibrium with it.
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Types of Freeze-In (Rough Idea)

There exist many types of freeze-in, but can generally be classified into two groups.

Y=nls

UV Freeze-In

— ool

IRH Lout
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Logic of Freeze-In (Simplified)

dn,

dt

-3Hn, = nsml'sm—a — na e

Axion Production Axion Destruction

Define: Y, =n /s ~n R

dYa FSM—)a Yy FSM—NL
~ 7 a,FI1 ™
dlog I’ H H
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IR Freeze-In Example

Y
2 73 (N
>a I' ~ g5, T° (Naively)
.
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IR Freeze-In Example

Y
0, m,(1) > m,/2
a T~ h T T/3
ga},},m T-, m,(1) < m,/2 where m/{1) = €
)




General Production of Axions

Photon Conversion

ve — ae

Fermion
Annihilation

e~ et — ay

Inverse Decay

YY — Q
or

e et —a




Irreducible Freeze-In Background
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Irreducible Freeze-In Background
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Irreducible Freeze-In Background
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Irreducible Freeze-In Background
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Irreducible Freeze-In Background
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Astrophysical and
Cosmological Constraints




Intuition: X-rays

Consider the benchmark constraint 7 > 10°%s = 7, > F, 1.

| | R R |
ol SN1987A v burst
10 = HB stars

mg |[keV]
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Intuition: X-rays

Consider the benchmark constraint 7 > 10°%s = 7, > F, 1.
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Intuition: X-rays

» Consider the benchmark constraint 7 > 10°°s = 7, > F 1.

» To observe decays today we require 7, 2 0.1 X ;.
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Intuition: X-rays

» Consider the benchmark constraint 7 > 10°°s = 7, > F 1.

» To observe decays today we require 7, 2 0.1 X ;.
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Cosmological and Astrophysical Constraints

How we observe the decay of axions depends on when they decay.
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Cosmological and Astrophysical Constraints

How we observe the decay of axions depends on when they decay.

For 7, 2 t;, we can look for decays in local sources of axions:

e Galactic Center
dP D

* Dwarf Spheroidal Galaxies JE  9rm + O(E —ma/2)

X-rays
“Imprint” -

Very schematic!

IBBN a7 lcMB Iy



Cosmological and Astrophysical Constraints

How we observe the decay of axions depends on when they decay.

For tovig K 7, S 1y, we can look for decays in the diffuse axion background. [Zurek et al, 2013]
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Maximum allowed mass fraction

Cosmological and Astrophysical Constraints

How we observe the decay of axions depends on when they decay.

For tvg S 7, We can look

10°

107

for the effect of decays on CMB anisotropies (z < 1100)

 [Slayter and Wu, 2016]
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Intensity [MJy/sr]

Cosmological and Astrophysical Constraints

How we observe the decay of axions depends on when they decay.

For 7, < fovp, We can look for the effect of decays on CMB spectral distortions
(1 100 ,S 7 5 2 X 106) [Balzas et al, 2022]
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Cosmological and Astrophysical Constraints

How we observe the decay of axions depends on when they decay.

For fgpgn S 7, we can look for the effect of decays light element abundance

~Y a’

t/sec CMB X-rays
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Cosmological and Astrophysical Constraints

How we observe the decay of axions depends on when they decay.

N S 7, S fovmps We can look for the effect of decays in AN, .

[Depta, Hufnagel, and Schmidt-Hoberg , 2020]
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Photophilic Axion Bounds

Photophilic ALP |
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Photophilic Axion Bounds

Photophilic ALP |

BBN
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Generalizations




Photophobic Axion Constraints
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Photophobic Axion Constraints
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Photophilic Axions with Misalignment
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Production of Sterile Neutrinos

* For simplicity, assume sterile neutrino mixes only with v, .

()= (n),

cos 0

sin @
cos 0

) ("

)

* The Boltzmann equation will have the following form:

0 0
Hp— s (1, = (fo' — s)L's(1,
(at p8p>f( p) = (f* = fs)Ls(T',p)
. (T ) isinQ(QH)deG%ET‘L, me < TRH
S : ~ i 3 2 )
DU L |+ 2O 12 (BT 4 51|, my > Tha

[G. Gelmini, E. Osoba, S. Palomares-Ruiz, S. Pascoli, 2008]



Cosmological and Astrophysical Constraints

The easiest way to observe sterile neutrinos is through their radiative decay.

However, their lifetime is determined by a different process

4!

(Also to eTe™ whenm, > 2m,)

[Diagrams from Kopp and Dasgupta, 2021]
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Thank You

Upcoming work:

e Axiverse with SU(N) SYM Domain Walls

e PBH Production with SUSY Axions

e Observing Light BSM Particles with Muon Decay
e Axion Dark Matter in the Mirror World







Photophlllc Mlons Wlth TRH = IOO MeV
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Axions with “Universal” Couplings
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Production of Axions

* Abundance obtained from solving the Boltzmann equation.

ng +3Hn, = R(t)

0= 3 | (TLam) (Tans) eo's' (= Do) ivtosl
I

© = (f51 - fa) X H(l::ffq) [Tre-TI(=
Note dropping f, decouples the Boltzmann equation!

| f#a f#a
(Production by different processes are independent)
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Production of Axions

Make the following definitions:
. x=m, /T

2. Y =nls

1 leg g* S
o gx)=1—— -
3 80 3 dlogx
The Boltzmann equation simplifies to
dY, g a
45 R(r) => Fo~ —“"Y,(c0) (Ignoring Axion Decay)

dr rH(x)s(x) PDM.0
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Production of Axions (Inverse Decay)

- a Z ‘MW’Y—>G|2 _gcw’y a(m?z o 4m3/)

Rip(T) = ) IMyyal’ / AT, dTodT, (27) 5% (py + p2 — pa) X FSI[L+ (f59+ f59)

2 o0 1 —E_|_/T_
— 2 Myy—al / dE, f9 (6}9& 2T In | — c >

3273 11— e BE-/T

6 — \/1 — 4mf},(T)2/m?L E:: — (ECL L /Gpa)/Z

e Rip(T) =0 for2m 1) > m, where m (1) =~ ell3 ~ T/10

o Similar calculation for electrons.
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Production of Axions (2—2)

T [~ Kq(\/s/T
R2_>2(T) ~ 192 / dS )\(8, m%, m%) ! (f/ ) 0-12—>3a(8) [D’Eramo et al, 2017]
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2
OGaryyGaceMe (- ma (Lt 5
2532 S 1 -0

ags. . T —m? )
opc(s) = 392“727 2(2s* —2m2s 4+ m?)1In (S ;na> — 75* 4+ 10m2s — 5m>
S m
i vy _
L i
. Hace |9 (25 —2m2s + mi) In | - ) —3s2 + 10m2s — Tm?
8s3 | m?2 ]

2

i - , i
AJayyJaceTle 2(s° mi)ln( (s = ma) )—3(3 m=)(s —m?>)?
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Irreducible Cosmic Abundance Constraints

How do you calculate £, ;. (m,, g,)?

» Generally found by setting n,(T'= 5 MeV) = 0 and having y freeze-in.

* Roughly equivalent to having reheating occur at T = 5 MeV.

» Generally ¥, ;.(m,, g,) = 0 form, > 100 MeV because of Boltzmann suppression.
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Evidence of dark matter
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Model independent facts about dark matter

e It exists.

* [t is not hot.

* Rough idea of DM halo density.

* Mass dependent constraints on self interactions.
* No known consistent explanation within SM.

e Thats about it...



Dark Matter Mass Range
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Dark Matter Mass Range
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Constrained by BBN
and stellar cooling

My talk will focus on sub-components of DM, not DM itself.

More flexible mass ranges.
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